INTRODUCTION
Cell division is central to the growth and multiplication of bacteria. A crucial step in cell division is the formation of the Z ring at mid-cell driven by FtsZ. Cell division requires the synchronized action of multimeric enzyme complexes, each with a specific function in Z ring formation, divisome assembly and septal peptidoglycan synthesis (Adams & Errington, 2009; Errington et al., 2003) . Ordered recruitment of cell division proteins to the site of division is followed by constriction of the Z ring and synthesis of septal peptidoglycan by peptidoglycan-synthesizing enzymes recruited to the site of division, along with DNA replication and chromosome partitioning. The positioning of the Z ring and its stabilization require a number of FtsZ-interacting proteins (Rothfield et al., 2005) best studied in Escherichia coli and Bacillus subtilis (Huang et al., 2013) . The positive regulators of cell division include ZapA, ZipA and FtsA (Geissler et al., 2003; Gueiros-Filho & Losick, 2002; Hale et al., 2000; Pichoff & Lutkenhaus, 2002) . In E. coli, FtsA and ZipA colocalize with FtsZ (Ma et al., 1996) , tether FtsZ to the membrane and are recruited early to the site of division. FtsA binds directly to FtsZ (Wang et al., 1997) . Its inactivation leads to a deficiency in cell division. As in E. coli, FtsA helps in assembly of FtsZ polymers at mid-cell in B. subtilis (Jensen et al., 2005) . In addition to FtsA, the repertoire of B. subtilis FtsZ-interacting proteins includes SepF, ZapA and ZapB. SepF binds to the C terminus of FtsZ and is required for proper septum formation (Gündogdu et al., 2011; Ishikawa et al., 2006; Kró l et al., 2012) . It can complement for the lack of FtsA. ZapA stabilizes FtsZ rings (Gueiros-Filho & Losick, 2002) . ZapB concurrently stimulates FtsZ ring assembly and cell division (Ebersbach et al., 2008) .
Formation of the Z ring and constriction at mid-cell must be synchronized with peptidoglycan biosynthesis at the site of division. Peptidoglycan biosynthesis is initiated in the cytoplasm and involves a set of enzymes known as the Mur synthetases. In the last two cytoplasmic steps of peptidoglycan biosynthesis, (i) the MurNAc-pentapeptide is transferred to a lipid carrier, undecaprenyl phosphate, to form lipid I, a step catalysed by MraY, and (ii) the GlcNAc moiety of UDP-GlcNAc is linked to the C4 hydroxyl of MurNAc by the action of MurG to form a lipid-linked disaccharide known as lipid II (Mengin-Lecreulx et al., 1991).
Lipid II is then transferred to the periplasmic side of the membrane for the final polymerization and cross-linking steps of peptidoglycan biosynthesis involving the transglycosylases and transpeptidases of the penicillin-binding protein (PBP) family (Typas et al., 2012) .
Tuberculosis is a leading cause of mortality worldwide. Efforts are under way to develop anti-tuberculosis agents that target cell wall biosynthesis and cell division in mycobacteria (Kumar et al., 2010) . The assembly of FtsZ polymers and the role of accessory proteins in this process are likely to have features unique for mycobacteria which lack genes encoding regulatory proteins such as EzrA, ZapA, ZapB and MinCDE, as well as the FtsZ-interacting proteins FtsA and ZipA. Until now, no protein has been identified in mycobacteria which could assist in FtsZ localization at the site of division. We searched for candidate FtsZ-interacting proteins that could fulfil this function and focused on the product of the ORF Rv2147c, which is part of the dcw cluster (which encompasses a group of genes involved in peptidoglycan synthesis and cell division) and shows sequence similarity to SepF of B. subtilis. In this work, we demonstrated that Rv2147c interacts with FtsZ. By analogy with B. subtilis, we named this protein SepF of Mycobacterium tuberculosis (SepF MTB ). In addition to its role as an FtsZ-interacting partner, we also provided biochemical and in vivo evidence that SepF MTB interacts directly with MurG MTB (encoded by Rv2153c) of M. tuberculosis. We suggest that SepF MTB could likely play an important role in coordinating cell division with septal peptidoglycan biosynthesis in M. tuberculosis.
METHODS
Bacterial strains and growth conditions. Bacterial strains used are listed in Table 1 Cloning, expression and purification of the product of ORF Rv2147c. ORF Rv2147c was amplified from M. tuberculosis genomic DNA and cloned into pET50b+ in-frame with an N-terminal human rhino-virus 3C protease cleavable NusA-and His-tag, to yield pJS1. Substitution mutants were generated by overlap extension PCR (constructs pJS4-pJS10).
E. coli BL21(DE3) carrying pJS1 (or any one of the mutants pJS2-pJS10) was grown to OD 600 0.6 at 25 uC. IPTG (100 mM) was added and growth was continued at 25 uC for 4 h. Cells were disrupted by sonication, and SepF MTB was purified from the cell-free supernatant using Ni 2+ affinity chromatography and dialysed against 50 mM HEPES, pH 8 containing 10 % (v/v) glycerol. The NusA-and His-tags were cleaved by digestion with human rhinovirus 3C protease (Novagen).
Cloning, expression and purification of the product of ORF Rv2153c. ORF Rv2153c (murG) was amplified from M. tuberculosis genomic DNA and cloned into pMALc2X (NEB) in-frame with maltose-binding protein (MBP) at the N-terminal end to yield pJS12. E. coli NEB Express carrying pJS12 was grown to OD 600 0.5 in LB-Amp-0.2 % glucose medium and induced by adding IPTG (0.3 mM). Growth was continued for an additional 20 h at 16 uC. Cells were lysed by freeze/thaw cycles, followed by sonication. MurG MTB was purified from the cell-free supernatant by amylose affinity chromatography and dialysed against 50 mM HEPES, pH 8 containing 10 % (v/v) glycerol.
Cloning, expression and purification of FtsZ of M. tuberculosis and its mutant. FtsZ of M. tuberculosis in pET28a + (Datta et al., 2002) was used to generate a mutant of FtsZ in which 18 aa from the C terminus were deleted [FtsZ (DC18)] (to yield pJS11) and proteins were purified after expression, followed by dialysis against 25 mM HEPES, pH 7.2, containing 10 % (v/v) glycerol for 16 h. The dialysate was concentrated using a Millipore Concentrator.
Blot overlay assay. Interaction between SepF MTB and FtsZ was detected by blot overlay assay. SepF MTB or its variants were run on SDS gels, electrotransferred to PVDF membranes and proteins were renatured by incubating the membrane in buffer containing 4 % (w/ v) BSA for 2 h at room temperature. Membranes were then incubated with 1 mM purified FtsZ for 1 h at 25 uC. Bound FtsZ was detected by immunoblotting with FtsZ antibody (Datta et al., 2006) . Membranes were either stained with Coomassie brilliant blue or reprobed with SepF MTB antibody raised against a peptide encompassing aa 5-19 of SepF MTB (Thermo Scientific). Interaction between SepF MTB and MurG MTB was similarly analysed.
Mycobacterial expression of His-SepF MTB . The 6|His-SepF MTB or its mutant was amplified by PCR using pJS39 as template, and cloned between the Bam HI and HindIII sites of pCherry8, replacing the mCherry gene. The resulting plasmids (pJS40 or pJS41) encoded the N-terminal His-tagged SepF MTB under the control of the P smyc promoter.
Surface plasmon resonance (SPR). Recombinant SepF MTB or its mutant was immobilized on a CM5 chip using the amine-coupling method in 10 mM sodium acetate buffer, pH 4.5. Varying concentrations of FtsZ or SepF MTB in 150 mM NaCl, 10 mM sodium phosphate, pH 7.5 containing 0.005 % (v/v) Tween 20 were used as the analyte to study interaction with SepF MTB in a Biacore X-100 instrument (GE Healthcare). Binding constants were estimated using BIAevaluation software (Biacore; GE Healthcare). Binding of SepF MTB with MurG MTB was evaluated similarly.
Preparation of H37Rv whole-cell lysate. M. tuberculosis expressing an episomal copy of His-SepF MTB was grown to mid-exponential phase in Middlebrook 7H9 supplemented with 0.05 % (v/v) Tween 80, 10 % ADC and hygromycin (50 mg ml 21 ). Cells were harvested and suspended in a buffer containing 50 mM Tris/HCl, pH 7.5, 10 mM MgCl 2 , 0.5 mM EDTA, 10 % (v/v) glycerol and protease inhibitors, and disrupted by agitation in a Mini Bead beater (Biospec Products) using 0.1 mm zirconia beads. Unbroken cells were removed by centrifugation, cell lysates were prepared by solubilization with 1 % (v/v) Triton X-100 in 10 mM Tris/HCl, pH 8 at 4 uC. His-SepF was pulled down from the supernatant with His antibody and Protein A/G agarose. Immobilized proteins were separated on SDS gels, electrotransferred to PVDF membranes and immunoblotted with FtsZ antibody. In order to create a translational fusion of sepF MTB with mCherry, mCherry without its stop codon was amplified from pCherry3 and cloned at the Xba I and Bam HI sites of pBluescriptSK + to generate pJS14. sepF MTB was amplified and cloned in-frame at the C-terminal end of mCherry in pJS14 (using Bam HI and Eco RI sites) to generate pJS16. mCherry + -sepF MTB was excised from pJS16 and cloned at the Nde I and Eco RI sites of pLAM12 to generate pJS18. In order to generate a translational fusion of ftsZ MTB with mCherry, ftsZ MTB was amplified and cloned at the Bam HI and Eco RI sites of pJS18 replacing sepF MTB to generate pJS19.
Fluorescence microscopy. In order to study the localization of SepF MTB , pJS17 was electroporated in M. smegmatis (to generate the strain JS1). JS1 was grown to mid-exponential phase and induction was carried out in the presence of 0.02 % (w/v) acetamide for 2 h. Cells were attached to poly-lysine-coated slides. FtsZ induction was carried out similarly using M. smegmatis harbouring pJS19. Cells were fixed by incubation for 15 min at room temperature followed by 30 min on ice in the presence of 2.5 % (v/v) paraformaldehyde, 0.04 % (v/v) glutaraldehyde and 30 mM sodium phosphate, pH 7.5. DAPI (2 mg ml 21 ) was used for nucleic acid staining. Cells were mounted on slides and viewed under a fluorescence microscope (Zeiss Axioimager A1). Confocal microscopy was performed using a Leica confocal microscope (TCS SP8) equipped with a |63 oil immersion objective.
Mycobacteria protein fragment complementation (M-PFC)
assay. Protein interactions were analysed in mycobacteria using the M-PFC assay (Singh et al., 2006) . The GCN4 homodimerization domain [fused to the N terminus of dihydrofolate reductase (DHFR)] was excised from the episomal plasmid pUAB100 or the integrative plasmid pUAB200 and replaced by sepF to generate pJS20 or pJS21, respectively. The variants of sepF were cloned similarly in pUAB100 to generate the respective constructs (pJS22-pJS28). ftsZ (or its mutant) was cloned in pUAB100 as described above to generate pJS29 (or pJS30). ftsZ was also cloned in pUAB200 to generate pJS31. Interacting clones were selected by plating transformants on Middlebrook 7H11 media containing 0.5 % (w/v) glucose, kanamycin, hygromycin and trimethoprim (TRIM) at a concentration of 10 mg ml 21 . murG MTB was cloned in pUAB100 to yield pJS32.
Construction of a MSMEG_4219 knockdown mutant of M.
smegmatis. MSMEG_4219 was identified as the M. smegmatis mc 2 155 counterpart of M. tuberculosis Rv2147c. M. smegmatis was used as a surrogate strain to analyse the role of SepF in mycobacterial physiology. A two-step recombination protocol was used for disruption of sepF MSMEG as described by Parish & Stoker (2000) . A suicidal recombination delivery vector with an in-frame deletion of the sepF MSMEG coding region was constructed. First, a 1054 bp region starting upstream of sepF MSMEG and including the first 105 bp of the gene was amplified and cloned between the Eco RI and HindIII sites of pBluescriptSK+ to create pJS33. Next, an 829 bp fragment encompassing a downstream region of sepF (terminating 15 bp downstream of the coding region) was amplified and cloned between the Eco RI and Bam HI sites of pJS33 to create pJS34. A fragment of 1895 bp was excised from pJS35 using HindIII and Bam HI and cloned in p2NIL to generate pJS35. Finally, a marker cassette carrying the lacZ, hygB and sacB genes was excised with Pac I from pGOAL19 and cloned at the Pac I site of pJS36 to create the suicidal recombination vector pJS36.
UV-nicked pJS36 was electroporated into M. smegmatis. Transformants were screened on Middlebrook 7H10 for putative double crossovers.
Disruption of MSMEG_4219 to create a conditional mutant, SepF KD . A conditional knockdown mutant of sepF MSMEG was constructed adapting the strategy of Boldrin et al. (2010) . The ORF MSMEG_4219 was amplified from M. smegmatis genomic DNA and cloned in pFRA50 at the Nsi I and Kpn I sites to generate pJS37. sepF MSMEG along with the pristinamycin promoter was PCR amplified using pJS37 as template and cloned at the Eco RI site in pFRA61 vector to generate pJS38. pJS38 was integrated at the L5att B locus of M. smegmatis. In this system, the tetracycline repressor protein TetR is transcribed constitutively. It represses pip transcription in the absence of anhydrotetracycline (Ventura et al., 2013) . When anhydrotetracycline is added, it binds to TetR, allowing transcription of pip which prevents transcription of integrated sepF MSMEG . In this system, endogenous sepF MSMEG was deleted using pJS36.
RNA extraction, reverse transcription and quantitative PCR.
Cells were lysed by agitation and RNA was isolated using a RNeasy Mini kit (Qiagen). cDNA was synthesized using a Reverse Transcriptase Core kit (Eurogentec). Quantitative PCR was performed in triplicates using a KAPA SYBR FAST qPCR kit (Kapa Biosystems). The enzyme was activated at 95 uC for 5 min, followed by 15 s of denaturation at 95 uC, 30 s of annealing at 52 uC and 30 s of amplification at 72 uC with data collection for a total of 40 cycles. sigA was used as the housekeeping gene to normalize expression levels and the fold change was calculated using the comparative C t method (Livak & Schmittgen, 2001 ). 
RESULTS

Rv2147c (SepF MTB ) is an FtsZ-interacting protein
Rv2147c is encoded by a gene within the dcw cluster, suggesting that it could be a possible player in cell division. Multiple sequence alignments (Fig. S1 , available in the online Supplementary Material) showed the presence of several conserved amino acid residues at the C terminus of Rv2147c and SepF from different bacteria. Moreover, using CLUSTAL W (Thompson et al., 1994) , Rv2147c showed 32 % sequence identity and 59 % similarity with B. subtilis SepF. SepF from different genera have been reported to show 30-34 % sequence identity and 50-60 % sequence similarity, e.g. B. subtilis and Cyanobacterium synechocystis SepF have 34 % sequence identity and 56 % sequence homology (Marbouty et al. 2009 ). Based on this and the evidence that we present in the following sections, Rv2147c will be referred to as SepF of M. tuberculosis (SepF MTB ).
We cloned and overexpressed SepF MTB in E. coli fused to an N-terminal Nus-His-tag (Fig. 1a) . The protein was purified on Ni 2+ -NTA agarose. SepF MTB was electroblotted onto membranes, incubated with FtsZ and membranes were probed with FtsZ antibody. A positive band (Fig. 1b) suggested that FtsZ and SepF MTB were interacting partners. We attempted to pinpoint the amino acid residues required SepF interacts with FtsZ and MurG in mycobacteria for interaction of SepF MTB and FtsZ. Based on the observation that several amino acid residues were conserved at the Cterminal end of SepF from different bacteria, we generated mutants truncated at this end. Interaction with FtsZ was abrogated upon deletion of the C-terminal 53 aa of SepF MTB [SepF MTB (DC53)]. (Fig. 1b) . The Nus-His-tag was cleaved as described. A blot overlay was performed as described. The positive band obtained (Fig. 1c, lane 1) suggested that SepF MTB was indeed an FtsZ-interacting protein. Deletion of the 15 C-terminal amino acid residues did not abrogate the FtsZ-interacting ability (Fig. 1c, lane 2) . Amino acids between residues 188 and 226 therefore appeared likely to be important for the SepF MTB -FtsZ interaction. Deletion of stretches of amino acids has the potential of altering the conformation and/or stability of proteins. This necessitated creation of appropriate substitution mutants. Multiple sequence alignments suggested that residues 189 AKR 191 , conserved across different Gram-positive bacteria, could possibly be important for the interaction between SepF MTB and FtsZ. The substitution mutants A189V and K190A were compromised in their FtsZ-binding ability (Fig. 1d) . Deletion of R191 did not affect the FtsZ-interacting ability (data not shown). In addition to the aforesaid residues, we also tested the role of residue F215, which is also conserved across different Gram-positive bacteria. The F215S mutant was attenuated in its interaction with FtsZ (Fig. 1c) . These results suggested that A189, K190 and F215 likely played a role in FtsZ-SepF interaction. When an overlay assay was performed with the FtsZ mutant lacking the C-terminal 18 aa (instead of WT FtsZ), no interaction was observed (Fig. 1e) , indicating that the C-terminal tail of FtsZ was required for its interaction with SepF MTB .
Analysis of the interaction of SepF MTB with FtsZ by SPR
SPR was used to confirm the specificity of the SepF MTBFtsZ interaction. His-SepF MTB was immobilized on a CM5 chip. The injection of FtsZ into a flow cell holding immobilized SepF MTB led to a relative increase in response units over the baseline that was dependent on the concentration of FtsZ (Fig. 2a) . At the same time, FtsZ did not interact with immobilized SepF MTB (A189V), as evidenced by the diminished increase in response compared with the interaction with the WT SepF MTB (Fig. 2b) . One possible reason for the impaired interaction could be reduced immobilization of the mutant SepF MTB compared with the WT. This possibility was ruled out by the observation that specific interactions could be observed when a solution of His antibody was made to flow over this chip (data not shown). We also tested the association of FtsZ (DC18) with SepF MTB . When this mutant was used as an analyte with SepF MTB as ligand, the increase in relative response was considerably lower than for WT FtsZ (Fig. 2c) , confirming that the C terminus of FtsZ is necessary for its interaction with SepF MTB .
FtsZ and SepF MTB interact in vivo
In order to test whether FtsZ and SepF interact in vivo, pJS40 or pJS41 was electroporated into M. tuberculosis to express His-SepF MTB under the control of the P smyc promoter. Transformants were grown to mid-exponential phase and His-SepF MTB was pulled down from the lysates with His antibody and Protein A/G agarose. The bead-associated proteins were electroblotted and probed with FtsZ or with His antibody. The positive signal (Fig. 3a, lane 1) confirmed that FtsZ interacted with SepF MTB in vivo. SepF MTB (DC53) (Fig. 3a, lane 2 
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M-PFC assays confirm that FtsZ interacts with SepF MTB in vivo
FtsZ and SepF MTB were fused to independent DHFR fragments, transformed into M. smegmatis and tested for functional reconstitution of DHFR by scoring for growth in TRIM-containing media. The ability of fusions carrying full-length sepF MTB and ftsZ to grow on TRIM plates confirmed that the two proteins interacted in vivo (Fig. 3b) . The negative controls (SepF MTB -GCN4 or FtsZ-GCN4) did not grow (data not shown), whereas the positive control (GCN4-GCN4) grew on TRIM plates. The A189V, K190A and F215S mutants showed compromised or no growth on TRIM, confirming the importance of these residues in the SepF MTB -FtsZ interaction (Fig. 3b, c) .
SepF is essential in mycobacteria
In order to evaluate the function of SepF in mycobacteria, we used M. smegmatis as a surrogate system. The M.
smegmatis orthologue of Rv2147c showed 67 % sequence identity and 70.12 % sequence similarity to the M. tuberculosis protein, suggesting functional conservation. Attempts to construct an in-frame deletion mutant of SepF MSMEG proved unsuccessful as no double crossovers were obtained after screening w100 colonies, suggesting that SepF was likely to be essential for the survival of mycobacteria. We attempted to further confirm this by generating a conditional knockdown mutant of sepF (JS2) in M. smegmatis (referred to hereafter as SepF KD ). In order to do so, first an extra copy of sepF MSMEG was integrated. Expression of this extra copy under P ptr transcriptional control was repressible by anhydrotetracycline. Next, an in-frame deletion was introduced into the chromosomal copy of sepF in order to inactivate the native copy of sepF. The in-frame deletion of the chromosomal copy of sepF was confirmed by PCR (Fig. S2a, b) . In order to repress the integrated copy of sepF, cells were grown in the presence of anhydrotetracycline. Repression of sepF was confirmed by reverse transcription and quantitative PCR (Fig. 4a) . The (WT, in pJS20) [or the mutants A189V (in pJS22), K190A (in pJS23) or F215S (in pJS26)] fused to one half of mDHFR and FtsZ (WT, in pJS29) fused to another half of mDHFR, was grown in the absence or in the presence of TRIM. Plates were incubated at 37 8C for 7 days. Growth on TRIM indicates proper reconstitution of DHFR, which occurs when there is interaction between the protein pair. GCN4-GCN4 served as a positive control for protein-protein interaction. SepF interacts with FtsZ and MurG in mycobacteria essentiality of SepF was tested by growing cells either in the absence or in the presence of the inducer anhydrotetracycline for different periods of time. Depletion of SepF led to a loss of growth (Fig. 4b, c) and viability (Fig. 4d) . These results supported the argument that SepF is essential in mycobacteria.
SepF MTB self-associates, shows distinct cellular localization and regulates cell morphology
As SepF of B. subtilis has been reported to form dimers and higher-order oligomers, we tested this in the case of SepF MTB . The M-PFC assay showed that WT SepF MTB (expressed from pJS20 and pJS21) interacted with itself (Fig. 5a ). The mutants A189V (expressed from pJS22) and K190A (expressed from pJS23), which were compromised in their FtsZ-interacting ability, were functional in SepF self-association (Fig. 5a) . However, the F215S mutant (expressed from pJS26) was defective in SepF self-association ( Fig. 5a ) and failed to interact with immobilized SepF MTB (Fig. 5b) , suggesting that F215 was required for self-association with FtsZ. pJS17 encoding sepF MTB fused to GFP was introduced in M. smegmatis (Fig. 5c ). Mycobacteria are known to divide asymmetrically with many division sites being placed off-centre (Kieser & Rubin, 2014; Singh et al., 2013) . Confocal microscopy confirmed that ectopically expressed GFPSepF MTB localized to the site of division in mycobacteria (Fig. 5c ). Considering that SepF MTB is an FtsZ-interacting partner and that it localizes to the site of division, we hypothesized that it could serve as a regulator of cell growth and morphology. In order to test this, we used SepF KD as the model system. We evaluated the morphology of cells in which sepF MSMEG had been knocked down in a controlled manner by the addition of anhydrotetracycline. The cells showed visible elongation (Fig. 5d) , although no filaments were observed. The size distribution was evaluated by counting a minimum of 150 cells grown under each condition. In the absence of anhydrotetracycline, 86 % of cells were v5 mm long, 14 % were 5-10 mm long, whereas no cells w10 mm were observed. When grown in the presence of 
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anhydrotetracycline, 38 % cells were v5 mm, 38 % were 5-10 mm long and 24 % of the cells were w10 mm. This suggested that SepF was required for regulation of cell division in mycobacteria.
FtsZ fails to localize at the division site when sepF is knocked down
In order to visualize the localization of mCherry-FtsZ when sepF is knocked down, pJS19 was introduced into JS2 to generate the strain JS3. sepF was knocked down by growth in the presence of anhydrotetracycline (50 ng ml 21 ). Overexpression of FtsZ has been reported to cause cell elongation and filamentation in mycobacteria (Dziadek et al., 2003) . mCherry-FtsZ was therefore induced in a controlled manner by the addition of acetamide. In the absence of anhydrotetracycline, acetamide-induced mCherry-FtsZ, localized at mid-cell (Fig. 6 ) in 24 % of cells. However, when SepF expression was attenuated by the addition of anhydrotetracycline, mCherry-FtsZ failed to localize at mid-cell. Instead a diffused fluorescence was observed throughout the cell with faint mid-cell fluorescence in *1 % of cells, supporting a role of SepF in the localization of FtsZ at mid-cell.
MurG MTB is an interacting partner of SepF
In order to explore whether SepF could be a player in coordinating cell division with peptidoglycan synthesis, we tested whether SepF MTB interacted with any enzyme of the peptidoglycan biosynthetic pathway. Here, we report its interaction with MurG MTB . MurG MTB was expressed in E. coli harbouring pJS12 as a MBP fusion protein. Blot overlay assays showed that SepF MTB interacted with MurG MTB (Fig. 7a ). SPR performed with SepF MTB immobilized on a CM5 chip and MurG MTB as an analyte corroborated this (Fig. 7b) . The MurG MTB -SepF MTB interaction could also be confirmed in vivo using the M-PFC assay described earlier. DHFR activity was observed with the MurG MTBSepF MTB pair, but not with any negative control (Fig. 7c) . These results suggested that the interaction was likely to be physiologically relevant.
DISCUSSION
Here, we have established that SepF MTB is an FtsZ-interacting protein. Pull-down assays and SPR analysis confirmed the specificity of the interaction in vitro and in M. tuberculosis. Interactions were further confirmed using the M-PFC assay in M. smegmatis. The conserved amino acid residues . SepF MTB self-associates and regulates cell morphology in mycobacteria. (a) A mycobacterial two-hybrid assay was used to determine self-association of SepF MTB . M. smegmatis expressing SepF MTB (in pJS21) fused to one half of mDHFR and either SepF MTB (in pJS20) or a mutant SepF MTB (in pJS22, pJS23 or pJS26) fused to another half of mDHFR was grown in the absence or presence of TRIM. Growth was monitored as described in 
SepF interacts with FtsZ and MurG in mycobacteria
189A, 190K and 215F were crucial for SepF-FtsZ interaction in vitro. In B. subtilis, mutation of A98 (the alanine in the conserved AKR triad) or F124 (the equivalent of F215 of SepF MTB ) impairs its interaction with FtsZ (Gün-dogdu et al., 2011). F124 of B. subtilis SepF is also required for SepF dimerization. Homology modelling based on SepF of B. subtilis (Duman et al., 2013) suggests that F215 of SepF MTB is possibly present in the b-sheets at the dimerization interface (Fig. S3) . M-PFC and SPR analysis showed that the F215S mutant of SepF MTB did not interact with the WT SepF MTB . Residues A189 and F215 possibly fulfil similar functions across bacterial species. We further observed that the conserved lysine residue (190K) of SepF MTB and the C terminus of FtsZ are important for the SepF-FtsZ interaction in mycobacteria. SepF also binds to the C terminus of FtsZ in B. subtilis (Kró l et al., 2012) . P372 present in the C terminus of B. subtilis FtsZ is required for interaction with SepF.
As ftsZ and sepF are in the same operon, it was not surprising that knockouts could not be generated in M. smegmatis, suggesting that sepF is essential in mycobacteria. This likelihood was strengthened by the observation that the chromosomal copy of sepF MSMEG could be inactivated in the presence of an extra copy of sepF MSMEG integrated in the genome. Neither SepF nor FtsA is essential in B. subtilis, although knockout of both is lethal (Gündogdu et al., 2011) . The fact that mycobacteria lack FtsA could explain the crucial role of SepF in mycobacterial viability. The role of SepF in mycobacterial morphology and cell division was evaluated in an M. smegmatis knockdown model. A ) and MurG MTB (in pJS32) fused to two separate halves of mDHFR was grown in the absence or presence of TRIM as described in Fig. 3(b) .
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sizeable population of the bacteria became elongated when sepF was knocked down conditionally in M. smegmatis. This suggested a role of sepF in cell division. At the same time, there was a loss in growth and viability when sepF MSMEG was knocked down. GFP-SepF MTB , when expressed in M. smegmatis, localized near the site of cell division and knockdown of SepF hindered the localization of FtsZ to the site of division. These results suggest that SepF could have a role in cell septation dependent on its interaction with FtsZ and that recruitment of SepF to the site of division is probably an early event in mycobacterial cell division.
The synchronized activity of a number of cell wall synthesizing and remodelling enzymes as well as proteins of the divisomal complex ensures that bacterial cells grow, divide and multiply. Our earlier work suggested that FtsZ-FtsW-PBP3 interactions link FtsZ ring formation at mid-cell to septal peptidoglycan synthesis (Datta et al., 2006) . Other interactions between multiple interacting partners, often as members of larger divisomal complexes, include the following: ChiZ, a cell wall hydrolase, partners with the divisomal proteins FtsI and FtsQ in M. tuberculosis (Vadrevu et al., 2011) ; CwsA interacts with CrgA and Wag31 to regulate cell shape (Plocinski et al., 2012) ; the cell wall hydrolase RipA interacts with RpfB, a lytic transglycosylase (Hett et al., 2008) ; and the bifunctional transglycosylase-transpeptidase PBP1 of M. tuberculosis modulates RipA-RpfB-mediated hydrolysis of peptidoglycan (Hett et al., 2010) . We tested whether SepF MTB could possibly play a role in coordinating cell division and cell wall biosynthesis by interacting with proteins of the peptidoglycan biosynthesis machinery. In vitro pull-down and SPR assays showed that SepF MTB interacted with MurG MTB . The SepF-MurG interaction also occurred in vivo as evidenced by M-PFC assays. Meniche et al. (2014) showed that GFP-MurG expressed from its endogenous gene locus concentrated at the poles and septa in M. smegmatis. They suggest that MurG at the growing end of the cell and at the septum likely plays a role in new peptidoglycan synthesis. Interaction of SepF MTB with MurG MTB suggested that SepF MTB could be a bifunctional protein in mycobacteria, with probable FtsZ-dependent as well as FtsZ-independent functions. By interacting with an enzyme which catalyses one of the terminal cytoplasmic steps of peptidoglycan synthesis, it could regulate new peptidoglycan synthesis once FtsZ rings form at mid-cell. In B. subtilis, it has been suggested that SepF could function late in cell division by playing a role in septal peptidoglycan synthesis (Hamoen et al., 2006) , although this has not been proved. Mycobacteria grow by addition of new cell wall at the poles (Aldridge et al., 2012; Thanky et al., 2007) . How mycobacteria maintain their rod shape remains to be clarified. The actin-like protein MreB interacts with membrane-associated enzymes of peptidoglycan synthesis such as MraY and MurG (Mohammadi et al., 2007) . At the same time, MreB also interacts with the Mur enzymes MurD, MurE and MurF (Favini-Stabile et al., 2013) . It has been hypothesized that such interactions could facilitate the correct spatial positioning of newly synthesized peptidoglycan. Mycobacteria lack MreB. In addition to its role in cell division, the interaction of SepF MTB with MurG MTB could be necessary for appropriate placement of newly synthesized peptidoglycan and for maintenance of cell shape, accounting for the fact that it is essential. The present findings raise the possibility of SepF MTB serving as a link between cell division and cell wall biosynthesis in mycobacteria, although much ground needs to be covered before this can be firmly established.
The present findings open up new avenues for exploration of the regulation of mycobacterial growth and division.
